PURPOSE. The DBA/2J mouse is a model for secondary angleclosure glaucoma, due to iris atrophy and pigment dispersion, which ultimately lead to increased intraocular pressure (IOP). The study was undertaken to correlate changes in retinal gene expression with IOP elevation by performing microarray analysis of retinal RNA from DBA/2J mice at 3 months before disease onset and at 8 months after IOP elevation. METHODS. IOP was monitored monthly in DBA/2J animals, and animals with normal (3 months) or elevated IOP (8 months) were identified. RNA was prepared from three individual retinas at each age, and the RNA was amplified and used to generate biotin-labeled probe for high-density mouse gene microarrays (U430.2; Affymetrix, Santa Clara, CA). A subset of genes was selected for confirmation by quantitative RT-PCR, by using independent retina samples from DBA/2J animals at 3, 5, and 8 months of age and compared to retinas from C57BL/6J control animals at 3 and 8 months. RESULTS. There were changes in expression of 68 genes, with 32 genes increasing and 36 genes decreasing at 8 months versus 3 months. Upregulated genes were associated with immune response, glial activation, signaling, and gene expression, whereas downregulated genes included multiple crystallin genes. Significant changes in nine upregulated genes and two downregulated genes were confirmed by quantitative RT-PCR, with some showing changes in expression by 5 months. CONCLUSIONS. DBA/2J retina shows evidence of glial activation and an immune-related response after IOP elevation, similar to what has been reported after acute elevation of IOP in other models. (Invest Ophthalmol Vis Sci. 2006;47:977-985) 
G laucoma is a progressive eye disease that leads to blindness due to loss of retinal ganglion cell (RGC) viability and degeneration of the optic nerve. [1] [2] [3] [4] [5] Elevation in intraocular pressure (IOP) is a significant risk factor for glaucoma and can lead to optic nerve damage. 6, 7 However, although sensitivity to IOP can be a significant initiating event, other factors must contribute to neurodegeneration in this disease. For example, not all patients with elevated IOP have glaucoma. Conversely, there are also patients with normal IOP who exhibit optic nerve disease and vision loss characteristic of glaucoma. 8 Furthermore, in the DBA/2J mouse model of glaucoma in which IOP increases with age due to pigment dispersion from the iris and obstruction of the trabecular meshwork, high-dose radiation followed by syngeneic bone marrow transfer almost completely rescues optic nerve damage and RGC loss, without altering the course of IOP elevation. 9 This raises the question of whether there are factors intrinsic to the retina that contribute to RGC disease as glaucoma progresses. 2 Animal models are critical for obtaining a detailed molecular analysis of retinal changes in glaucoma. For example, IOP can be experimentally elevated in the rat or monkey by injecting hypertonic saline into the episcleral vein or by laser photocoagulation of the trabecular meshwork, and this elevation is associated with optic nerve damage, loss of RGC viability, and blindness. 6, 10 These acute models of glaucoma mimic many aspects of the disease and have been used to analyze both cellular and molecular changes associated with increased IOP. Significant changes in the optic nerve correlate with induced elevations in IOP. These include disruption in retrograde axonal transport along the optic nerve 11 ; blockage of both BDNF and TrkB transport, which may result in neurotrophin deprivation at the soma 3, 4 ; and remodeling of the optic nerve head, which mimics the cupping of the optic nerve head in humans. 6, 10 Within the retina, RGCs undergo apoptotic death, [12] [13] [14] [15] and there are changes in other retinal cell populations as well. For example, there is evidence that Müller glia and retinal astrocytes become activated after IOP elevation, 16 -19 and microglial activation has been reported in association with degenerating RGCs. 20 Molecular analysis of the retina using microarrays or quantitative reverse transcription polymerase chain reaction (RT-PCR) has shown that IOP elevation elicits changes in the expression of multiple genes, including those involved in iron regulation, glial activation and an immune response. 16, 21, 22 Together, the studies just described reveal a complex retinal response to the insult of elevated IOP. This response raises the question of how gene expression changes in retinal tissue during the progressive development of glaucoma, as occurs in humans, and whether these changes provide insight into the molecular events underlying the loss of RGCs. The inbred DBA/2J mouse strain has emerged as a useful model of secondary, angle-closure glaucoma. This mouse strain carries mutations in two genes, Tyrp1 and Gpnmb, that trigger an immune response in the iris. The immune response leads to iris atrophy and pigment dispersion, [23] [24] [25] which blocks aqueous humor drainage and ultimately causes increased IOP that worsens over time in an age-dependent manner, mimicking the progressive time course associated with human glaucoma. [23] [24] [25] The DBA/2J is becoming increasingly relevant in light of recent advances in mouse genetics that have made it possible to manipulate gene expression and directly test the role candidate genes play in glaucoma progression. However, to date there has not been an analysis of retinal gene expression in the DBA/2J and an assessment of whether particular molecular changes are associated with IOP elevation in this mouse. Thus, we have undertaken a microarray analysis of whole retina RNA from DBA/2J animals to obtain an initial survey of gene expression changes associated with IOP elevation. We also have used quantitative RT-PCR to compare expression of certain genes identified with the array at early and later time points after IOP elevation. The pattern of gene expression we describe is consistent with a glial response and upregulation of immunerelated genes, including complement components, suggesting that these genes represent a response to elevated IOP in the DBA/2J retina. These changes in gene expression bear similarity to gene array results from other glaucoma models 16, 22 and also highlight parallels with other neurodegenerative diseases of the central nervous system.
METHODS

Animals and IOP Measurement
DBA/2J and C57BL/6J animals were bred and handled according to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Twelve DBA/2J animals and seven C57BL/6J animals were used for the study. All animals were female. IOP in each eye was measured in DBA/2J animals every month, generally beginning at 3 months of age, with a handheld tonometer (Tono-Pen XL; Medtronic Solan, Jacksonville, FL) ( Supplementary Table S1 , available online at http://www.iovs.org/cgi/content/full/47/3/977/DC1), although there were a few animals for which complete IOP history was not available. A minimum of 20 Tono-Pen measurements were recorded for each eye at each time point as described in Inman et al. (manuscript submitted). Because the working range of the Tono-Pen is 5-to 80-mmHg, pressures obtained outside this range were discarded. Animals were selected for each group based on IOP elevation, with a focus on identifying animals with IOP elevation of comparable duration, generally beginning at 5 to 6 months of age ( Supplementary Table S1 ). We confirmed that the Tono-Pen could reliably detect changes in IOP by raising (with adenosine) or lowering (with MRS-1191) IOP in DBA/2J mice, including in older mice with substantial corneal occlusion (Inman et al., manuscript submitted; and data not shown).
RNA Isolation, Amplification, and Labeling
Whole retinas were removed from 3-, 5-, and 8-month-old animals and rinsed in ice-cold 0.1 M phosphate-buffered saline to remove blood. Individual retinas were homogenized in buffer (RLT; Qiagen,Valencia, CA) by using a micropestle and were pulled five times through a 22-gauge needle and flash frozen in liquid nitrogen. Total RNA was then isolated (RNeasy Kit; Qiagen). The quantity and quality of the RNA was assessed with a spectrophotometer (ND1000; NanoDrop Technologies, Rockland, DE) and a bioanalyzer (model 2100; Agilent, Palo Alto, CA). For the 3-and 8-month samples, 20 ng of each retinal RNA sample was amplified, fractionated, and labeled with a biotin kit (Ovation; NuGen Technologies, San Carlos, CA) to generate probes for Affymetrix (Santa Clara, CA) microarray analysis.
Microarray Data Analysis
Biotinylated probes were hybridized to high-density mouse Affymetrix arrays (U430.2), according to the manufacturer's protocol. All probes had highly similar 5Ј-3Ј probe degradation plots. All preprocessing of Affymetrix data was performed using the Bioconductor Package 26 in the R statistical environment (R: a language and environment for statistical computing. http://www.r-project.org/). Quality control evaluation was performed for each microarray by confirming similarity of density distributions of the raw and normalized data, allowing valid normalizations to the final data set. Data set analysis was performed with R 2 version 1.9.0 on i686-pc-linux-gnu: Bioconductor package "affy" version 1.4.32, "gcrma" version 1.1.0, "siggenes" (R significance analysis of microarray [SAM]) version 1.0.6. Generally, *.cel files were read in and analyzed in appropriate groups. They were background corrected using gcrma, normalized with quantile normalization, and summary measures for probe sets were obtained by median polish. The Affymetrix data files are available through the National Center for Biotechnology Information's (NCBI's) Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/projects/geo/ provided in the public domain by the National Institutes of Health, Bethesda, MD) and have been assigned a series record number of GSE3554. For the SAM in R, the package siggenes was used on preprocessed data with a delta of 0.1112. The results of the SAM analysis were then filtered for a change of 1.8-fold or greater. Similar results were obtained using a rank product analysis (data not shown and Ref. 27 ).
Quantitative RT-PCR
Reverse transcriptase reactions were performed starting with 500 ng of total RNA for each sample and using the reverse transcription portion of a qRT-PCR lot (SuperScript III Platinum Two-Step qRT-PCR; Invitrogen, Carlsbad, CA) to produce cDNA. The real-time PCR reactions were completed (SYBR Green PCR Master Mix; Applied Biosystems, Inc.
[ABI], Foster City, CA) and the following primer sets: ␤-actin, forward (F) 5Ј-TATTGGCAACGAGCGGTTCC-3Ј and reverse (R) 5Ј-GGCATA-GAGGTCTTTACGGATGTC; ceruloplasmin, F 5Ј-CTGATGTCTTTGAC-CTTTTCCCTG-3Ј and R 5Ј-TTCTCGTTTTCCACTTATCGCC-3Ј; chemokine ligand 12, F 5Ј-CAGGAGAATCACAAGCAGCCAG-3Ј and R 5Ј-GGGAACTTCAGGGGGAAATACG-3Ј; chitinase 3-like 1, F 5Ј-TGGTG TGGGCACTGGATTTG-3Ј and R 3Ј-TCCTTGATGGCGTTGGTGAG-3Ј; complement compement1q␤, F 5Ј-ATGGATGCGTAATCACGGGG-3Ј and R 5Ј-GTCTGGGTTTCAGGCAGTCAAG-3Ј; interferon-induced transmembrane protein1, F 5Ј-CCTGTTCTTCACCATCCTCACG-3Ј and R 5Ј-TTTGGGCAGCGATAGACAAGG-3Ј; lipocalin 2, F 5Ј-ACTGAATGGGT-GGTGAGTGTGG-3Ј and R 5Ј-TCTGGCAACAGGAAAGATGGAG-3Ј or F 5Ј-AGCCACCATACCAAGGAGCATC-3Ј and R 5Ј-TTTATTCAGCA-GAAAGGGGACG-3Ј; P-lysozyme structural, F 5Ј-GCTTTCCCCTCCAAG-TAACAGGAC-3Ј and R 5Ј-TGGCTTTGCTGACTGACAAGG-3Ј; b2-Microglobulin: F 5Ј-CCTGTATGCTATCCAGAAAACCCC-3Ј and R 5Ј-GCAGTTCAGTATGTTCGGCTTCC-3Ј; major intrinsic protein of eye lens fiber (MIP), F 5Ј-TTTCTCTCGGCTATCCTTTCTGC-3Ј and R 5Ј-TTCCTTGTTCGTTCAGGGTCAC-3Ј; and crystallin beta A4, F 5Ј-GCTGAACGATGACTATCCCTCTCTG-3Ј and R 5Ј-ACTGAAAACCTCG-GTAGCCAGG-3Ј. All qRT-PCR was performed in triplicate using three to seven independent retinal samples (Prism 7700 Sequence Detection System; ABI). Cycling conditions were the same for all primer sets: 95°C for 10 minutes and cycles of 95°C for 15 seconds, 55°C for 20 seconds, and 72°C for 40 seconds. A computer program (SDS2.1 software; ABI) was used to visualize the data. For each primer set, a dissociation curve was performed to confirm that there was a single peak corresponding to a single product and no primer dimer. The Comparative Critical Threshold Method 28 was used to determine relative changes in gene expression levels, using ␤-actin as a reference, which did not change significantly in our samples. Standard deviation was calculated as described by the manufacturer, 28 and a Student's t-test was used to calculate statistical significance between 3-month samples and either 5-or 8-month samples. To assess the relative efficiencies of the primer pairs, we also performed a standard curve for each primer pair and calculated the changes using the Standard Curve Method, 28 with results similar to those of the Comparative Critical Threshold Method (not shown).
RESULTS
Identification of Animals for Microarray Analysis
Because there is variability in the age of onset of IOP elevation in the DBA/2J strain, 23 we monitored IOP in the mice chosen for this study generally beginning at 3 months of age, using a Tono-Pen (Medtronic Solan; Fig. 1 ; Supplementary Table  S1 . This is consistent with other published Tono-Pen measurements in mice. 29 Average IOPs for the colony were 15 to 16 mm Hg (n ϭ 195 eyes) at 2 months of age and rose approximately linearly to 22 to 23 mm Hg (n ϭ 69 eyes) at 10 months of age ( Fig. 1 ), although elevated IOP could be detected in individual eyes as early as 4 to 5 months of age ( Fig. 1 ). Three eyes at each age were selected for microarray analysis from 3-and 8-month-old DBA/2J animals ( Table 1 ). The 3-month eyes were chosen based on the clustering of their IOPs near or below the colony average, whereas the 8-month eyes were chosen because they demonstrated a 40% to 50% increase in IOP compared to 3-month eyes and because their IOPs were 20% to 40% greater than the colony average at 8 months (Fig. 1 ). The 8-month eyes selected for analysis also generally showed evidence of IOP elevation starting at 5 to 6 months (see Supplementary Table  S1 , http://www.iovs.org/cgi/content/full/47/3/977/DC1) and remained high, typically exceeding the colony average at each month by 20%. Parallel studies have shown that sustained elevation in IOP in DBA/2J animals is associated with glaucoma-like optic nerve disease. 30
Microarray Analysis of Retinal RNA
To allow us to correlate changes in gene expression with the IOP history for individual retinas, we avoided pooling of samples and isolated total RNA from three individual retinas at each age. We then performed a linear amplification of the RNA and incorporated biotin label to prepare probe for hybridization to high-density mouse gene chips (U430.2; Affymetrix), which represents more than 39,000 transcripts. SAM analysis 31 using a 1.8-fold cutoff and a delta of 0.1112 revealed significant changes in expression of 68 genes, with 32 genes increasing ( 
Verification of Upregulated Genes by qRT-PCR
Seven of the upregulated genes were selected for confirmation by qRT-PCR, with a focus on genes identified in other microarray studies after acute IOP elevation in an attempt to identify common retinal responses to IOP elevation. 16, 22 Gene-specific primers were designed to yield PCR products between 80 and 200 bp in length, and ␤-actin was used a reference gene. We compared gene expression at 3 (n ϭ 6 eyes), 5 (n ϭ 4 eyes), and 8 months (n ϭ 7 eyes) from retinas of DBA/2J animals (see Table 1 ), using individual retinal RNA samples that were independent of those used for the microarray analysis. For these experiments, we chose 3-month DBA/2J animals whose IOPs were at or below the colony average, 5-month animals with a broader spectrum of IOPs, and 8-month animals with IOPs at or above the colony average ( Fig. 1) . We chose 5 months as an intermediate time point to address which gene expression changes are evident shortly after elevation in IOP. To control for age-dependent changes in gene expression, we also compared levels of gene expression in the retinas of 3-month (n ϭ 4 eyes) versus 8-month (n ϭ 5 eyes) C57BL/6J animals. We found that the seven genes tested were significantly upregulated at 8 months (Fig. 2) . Several genes, including ceruloplasmin, complement component C1q, chemokine ligand 12, and chitinase 3-like 1, were modestly upregulated by 5 months, suggesting that they may represent an early response of the retina to elevated IOP. In general, the level of gene upregulation was significantly higher using the qRT-PCR method than was observed from the microarray results. For example, lipocalin2 was 6.1-fold upregulated on the array (Table 2), but was 30-fold upregulated by qRT-PCR in 8-month DBA/2J retinas (Fig. 2 ), suggesting that qRT-PCR is more sensitive for detecting changes in gene expression. No statistically significant changes in the expression of any of the genes tested were observed in C57BL/6J animals at 8 months compared with 3 months, suggesting little contribution by age-dependent changes in gene expression. Because the microarray may have underrepresented the number of genes that were significantly increased at 8 months versus 3 months, we also tested for upregulation of one other candidate gene from the microarray results that fell below the 1.8-fold cutoff. ␤2-Microglobulin is a light chain component necessary for expression of most major histocompatibility complex (MHC) class I proteins and was found to be upregulated twofold at 5 months and threefold by 8 months in DBA/2J retinas.
Verification of Downregulated Genes by qRT-PCR
In addition to the upregulated genes we also observed downregulation of multiple genes, including crystallin genes and cytoskel-etal and matrix components. Two of the most significantly downregulated genes, major intrinsic protein of the lens and crystallin beta A4, were selected for confirmation by qRT-PCR on retinal RNA from 3-, 5-, and 8-month-old DBA/2J animals, as described earlier. Both genes were significantly downregulated by 8 months, with only a slight decrease apparent at 5 months (Fig. 3 ).
DISCUSSION
In this study, we were able to monitor IOP in DBA/2J animals and profile changes in gene expression on individual retinas with a known IOP history. We were further able to use qRT-PCR to assess whether gene expression changes were evident at early or later time points after IOP elevation. As discussed in detail below, a subset of the gene expression changes identi- fied were comparable to those identified in previous microarray studies in rat and monkey after acute elevation of IOP. 16, 22 This suggests that these gene expression changes may represent a shared retinal response to IOP elevation that may enhance or limit the development of disease.
Glial Activation
Glia play important roles in the homeostasis of the retina, and include Müller glia, retinal astrocytes, and microglia. We found upregulation of GFAP, consistent with reports of glial activation in both human tissue and animal models of glaucoma. 17, 22, 32, 33 After IOP elevation in monkey GFAP expres-sion increased in both Müller glia and astrocytes, 16, 32 and ultrastructural analysis has also shown evidence of Müller glial activation in DBA/2J animals. 34 Other glial populations such as retinal astrocytes or microglia show similar evidence for activation in glaucoma, 16, 17, 20, 32, 33 and there is also activation of astrocytes in the optic nerve head. 35 Thus, multiple glial populations may respond to IOP elevation in glaucoma, with potentially beneficial or detrimental consequences. 36
Complement Pathway in Retinal Disease
Several complement components were elevated in DBA/2J retinas, including C4 and C1q␤, which were significantly up- regulated by 5 months. Microarray analysis in both rat and monkey also showed elevated expression of multiple complement components after acute IOP elevation. 16, 22 In addition, increased complement gene expression has been reported in retinas from a mouse photoreceptor degeneration model and in Müller cells from a rat model of diabetic retinopathy. 37, 38 This is intriguing, given the recent finding that polymorphisms in complement factor H are associated with age-related macular degeneration in humans. 39 -43 Thus, changes in the expression of complement genes may be associated with retinal damage or disease.
The complement system is a complex cascade consisting of approximately 30 proteins that can act through several possible pathways that ultimately converge on complement component C5, leading to formation of the terminal membrane attack complex. Although we detected increased expression of early pathway components in the DBA/2J retina with IOP elevation, the terminal complement pathway is compromised in this inbred mouse strain due to a deficiency in the C5 complement component. 44 It is possible that the early complement components still contribute to disease in the DBA/2J retina, even in the absence of C5, due to their opsonization or chemoattractant activity, 45 although this remains to be investigated.
Immune-Related Responses
Other immune-related genes were also increased with disease progression in the DBA/2J retina, specifically genes associated with acute inflammatory responses, including lipocalin2, interferon-induced transmembrane proteins, chemokine ligand 12, Serpina3n, and chitinase 3-like 1 (also known as gp39 or CD40 ligand). There is loss of immune privilege in the anterior chamber of the DBA/2J eye, and inflammatory leukocytes infiltrate and accumulate within the iris, 25 raising the possibility that the inflammatory genes identified in our retinal microarray analysis are due to loss of ocular immune privilege. However, despite substantial inflammation of the iris, there is no evidence of macrophage infiltration into the retina. 34 Furthermore, other microarray studies have shown similar upregulation of inflammatory genes in the retina after acute IOP elevation in the absence of iris inflammation. 16, 22 There is evidence that many immune-related genes can be upregulated in Müller glia, astrocytes, and RGCs in response to retinal stress or injury. 16, 22, 37, 38 In addition, microglia can function as antigen-presenting cells and have immune response properties. 46 Thus, the gene expression changes could reflect a local response within the retina to IOP elevation. 47
Other Gene Expression Changes
Other genes were also increased by 8 months in the DBA/2J retina, including some that were not identified by microarray analysis after acute IOP elevation. 16, 22 This includes candidate regulators of gene expression and cell signaling, as well as multiple genes of unknown function. Further work is needed to validate these gene expression changes and determine their significance in glaucoma. Multiple downregulated genes were also identified, including many crystallin genes and other lensrelated genes. Although the function of these genes is best understood in the lens, some are known to function outside of the lens as small heat shock proteins that act as chaperones and prevent protein aggregation in response to heat or oxidative stress. 48 It will be interesting to determine which retinal cell populations express these genes and analyze how their expression changes after IOP elevation.
Timing of Gene Expression Changes after IOP Elevation
We found that some gene expression changes were apparent by 5 months, which is shortly after the onset of detectable disease in the optic nerve in animals with elevated IOP. 30 In this parallel study, Inman et al. 30 found that 4-month DBA/2J animals with IOP higher than the colony average already had iridocorneal angle closure, increased corneal thickness, and reduced axon density in the optic nerve compared with animals with normal IOP. Thus, the gene expression changes that we identified by microarray analysis parallel the disease in the DBA/2J. Changes in immune response and complement genes may represent an early response to IOP elevation in multiple glaucoma models, because similar immune-related genes were upregulated in rat as soon as 8 days after acute IOP elevation. 22 It is essential to assess whether these early responses play a role in glaucoma progression and whether these pathways are reasonable targets for therapeutic intervention.
CONCLUSIONS
In summary, our work has revealed changes in retinal gene expression in the DBA/2J mouse model of glaucoma, with some changes apparent relatively soon after detectable elevation of IOP. Changes in genes associated with immune responses and glial activation are shared with other glaucoma models after acute elevation of IOP. 16, 22 Future work is needed to determine the relationship between altered gene expression and the progression of neuronal disease in glaucoma.
